ABSTRACT: Three-line hybrid rice technology can increase rice yield. This study aims to identify restorers and maintainers, to estimate heterosis of hybrid rice, and to identify fertility-restorer genes of F2 populations. The analysis of 31 test crosses revealed 6 restorers and 9 maintainers based on pollen fertility. The estimation of heterosis to select superior genotypes was conducted on 12 hybrids resulting from crosses between 6 restorers and 2 male sterile lines. The results show that two hybrids had a high heterobeltiosis and standard heterosis, with yields of 7940 and 6810 kg/ha, respectively. The inheritance of fertility-restorer genes of F2 populations in crosses IR80151A/CH1 and IR80151A/CH4 was evaluated at heading to flowering stage based on pollen fertility and seed setting rate (SSR). The segregation ratio of pollen fertility was 15:1 (fertile: sterile), representing two nuclear independent dominant genes controlling the trait with sporophytic abortive fertility. The SSR, however, could not be used to study fertility-restorer genes, as it is influenced by physiological and environmental factors.
INTRODUCTION
The phenomenon of heterosis has been clearly established in rice and is evident in several agronomic traits already being marketed in China. The threeline hybrid rice research in Thailand started in 1980. The cytoplasmic male sterility (CMS) is maternally inherited and characterized by a failure to produce functional pollen, this phenomenon has been found in many species of plants and is conveniently used for hybrid plant production 1 . The CMS system in rice consists of three lines including male sterile, maintainer, and restorer lines, where the identification of maintainers and restorers of rice lines/cultivars is essential to improve the rice vigour. Ingale et al 2 identified 40 effective restorers and 77 maintainers among 145 rice genotypes by test cross with male sterile lines. Thus the identification of rice germplasm was the first important role for three-line hybrid rice breeding program [3] [4] [5] [6] . The estimation of heterosis is attributed to one or more morphological traits, of which hybrid rice varieties show 15-20% higher yield potential than inbred varieties 5 . Besides, the estimation of yield and yield components heterosis has been extensively used to improve the breeding of hybrid rice [7] [8] [9] [10] . The fertility of CMS system can be restored by nuclear restorer genes 1 , that need to be identified before implementing the production of hybrid rice. Although a variation number of these genes have been proposed in various restorer lines, IR80151A is male sterile line of wild-abortive cytoplasmic male sterility system (WA-CMS) controlled by two independent dominant genes with sporophytic abortive fertility 11 . Others have reported that WA-CMS is controlled by monogenic 12 , digenic [12] [13] [14] , digenic interaction, and trigenic mechanisms 15 . In Thailand, the identification of maintainers and restorers has progressed relatively slow with the WA-CMS used by the source of international rice research institute. Consequently, the objectives of this study are to identify maintainers and restorers of Thai rice germplasm and to identify fertility-restorer genes, both of which play an important role in developing new male sterile and restorer lines to use for heterosis improvement of hybrid rice production.
MATERIALS AND METHODS
This study consists of three experiments. The first one was the identification of rice germplasm as maintainers and restorers. The 31 F 1 test crosses were obtained from crosses between 2 male sterile lines as female parents and 17 rice germplasm as male parents. They were hybridized along with their respective parental lines and 5 check varieties were transplanted in an augmented randomized complete block design with 3 replicates at Kasetsart University, Bangkok, Thailand, during the 2010 wet season (about 16 plants per plot, spaced 25 cm apart). To identify maintainer and re-storer lines, pollen was stained with 2% IKI 2 solution of 4 middle plants of each plot. If the F 1 test cross population had fertile pollen, male parent were identified as restorers, and if the F 1 test cross had sterile pollen, male parents were identified as maintainers. In the second experiment, we estimated heterosis in hybrid rice selected from the first experiment. The yield and yield components were collected from 4 middle plants of each hybrid, restorers, and check varieties. The following observation traits were collected: number of tillers, number of panicles, number of seeds per panicle, number of filled seeds per panicle, 1000 seed weight, plant height, flag leaf length, panicle length, harvest index, and yield at 15% moisture content for estimated heterobeltiosis, standard heterosis, and hybrid performances. The third experiment estimated the inheritance of fertility-restorer genes in rice including two F 2 populations, with crosses between CH1 and CH4 (new plant type) as restorer lines and IR80151A (WA-CMS) as female parental line. The F 1 were left to produce F 2 seeds during the 2011 dry season. The F 2 populations were transplanted by using single seed per hill at 25 cm plant space, during the 2011 wet season. The F 2 population size of crosses IR80151A/CH1 and IR80151A/CH4 were 414 and 448 plants, respectively. Both pollen and spikelet fertility data were collected. To study pollen fertility, anthers were collected from three randomly selected spikelets, pollen was stained with 2% IKI 2 solution, and the fertile and sterile pollen grain were counted in three fields of haemocytometer under microscope. The classification of pollen fertility and sterility groups was done according to Chaudhary et al 16 . Fertile plants gave more than 60% fertility pollen, 30-60% pollen fertility was partial fertile, 1-30% fertility pollen was partial sterile and 0% fertility pollen was complete sterile. Seed setting rate (SSR), defined as the ratio between filled seeds per panicle to total seed per panicle, was recorded from 2 nonbagged panicles per plant. The classification of fertile and sterile groups as fertile plant was more than 2% SSR and less than 2% was sterile plants.
RESULTS AND DISCUSSION
The identification of rice germplasm was done by using test cross breeding. The 17 diverse genotypes were determined by test cross with 2 male sterile lines (IR80151A and CHA01). The germplasm, categorized on the basis of pollen and spikelet fertility, revealed 9 maintainers and 6 restorers which test cross progenies from CHA01 and 9 maintainers and 7 restorers from IR80151A ( Table 1 ). The frequency of restorer and maintainer lines in this study was 58% 
and 41%, respectively. The germplasm used in this study include 9 Thai rice cultivars and 8 other rice germplasm. The 5 Thai maintainer lines could be used to develop adaptability of new male sterile lines for use in Thai hybrid rice research. Sarial and Singh 6 identified 4 basmati maintainers and 4 basmati restorers based on pollen fertility and spikelet fertility. They were further categorized as effective restorers (> 80 spikelet fertility), partial restorers (21-79% spikelet fertility), and maintainers (< 1% spikelet fertility). Rosamma and Vijayakumar 4 identified 4 restorers and 3 maintainers and Sabar and Akhter 5 found 26 restorers and 34 maintainers selected based on pollen fertility and SSR. Several studies 15, 17, 18 , however have suggested that categorization on the basis of SSR is influenced by physiological and environmental conditions and could not be used to identify rice germplasm for three-line hybrid rice system. Hence the identification of maintainers and restorers of threeline hybrid rice system should be done based on pollen fertility of test cross hybrids.
The estimation of heterosis in hybrid rice is the greatest practical achievements for hybrid rice improvement 7 . In the second experiment, to estimate heterosis, 12 hybrids were crossed between 2 male sterile lines with 6 selected restorer lines from the first experiment. The result revealed that the two hybrids (HB7 and HB10) have high heterobeltiosis and standard heterosis ( Table 2 ). The heterobeltioses are in the range of −72% to 123% for HB6 and HB10, respectively. The hybrid yields of the highest and the lowest heterobeltiosis are 6790 and 1250 kg/ha, respectively (Table 3) . However, the highest heterobeltiosis does not have the highest yield, so that the high heterobeltiosis could not be used to estimate the high yielding hybrid of this study. The estimation of standard heterosis was compared with average yield of check varieties (5560 kg/ha), ranging between −90% to 42% of HB11 and HB7, respectively. The yield of the highest standard heterosis is 7930 kg/ha, which means the standard heterosis is a truly heterosis of this study. However, the value of heterobeltiosis and standard heterosis depended on the data of their respective parents and check varieties. Tawari et al 19 reported that more than 60% of standard heterosis compared with the best of check varieties has high specific combining ability of hybrid rice. Consequently, the best check varieties can be used to estimate the heterosis of hybrid rice.
The yield components of hybrids were estimated for number of tillers, number of panicles, number of seeds per panicle, number of filled seeds per panicle, 1000 seed weight, plant height, flag leaf length, panicle length, and harvest index. The data revealed that the average number of tillers ranges between 9.9 (HB4) and 41.4 tillers per plant (HB11). The number of panicles ranges between 9.6 (HB4) and 27.3 (HB2) panicle per plant. The average number of seeds per panicle, the most importance contributor to heterosis for high yielding hybrids 20 , ranges from 158.8 (HB9) to 323.3 (HB7). Seyoum et al 21 reported that the number of filled seeds per panicle is associated with yield of rice. This study revealed a low SSR, with the average number of filled seeds ranging from 4 (HB6) to 217.9 (HB10) seeds per panicle. The two highest yield hybrids have high seeds per panicle, however, with low SSR (61% and 77%, respectively). The 1000 seeds weight ranges from 14.6 (HB4) to 23.7 (HB2). Rahima et al 10 found that 1000 seeds weight is an important trait in developing high yielding hybrid. Plant height ranged between 81.9 cm (HB7) and 126.2 cm (HB7). Flag leaf length ranges between 31.9 cm (HB5) and 51.8 cm (HB1), which is associated with rice yield 9 . Panicle length ranged between 23.2 cm (HB5) and 27.6 cm (HB8) and harvest index ranges between 0.03 (HB11) and 0.51 (HB10). Babu et al 22 reported that number of productive tillers per plant could bring improvement in the yield and yield components of hybrid rice.
The inheritance of fertility-restorer genes of two F 2 populations from F 1 fertile plants was examined by crossing male sterile and restorer lines (IR80151A/CH1 and IR80151A/CH4), where the IR80151A line was a WA-based cytoplasmic male sterility (WA-CMS) system in rice 11 . Tan et al   12 reported that a monogenic trait controlled the fertilityrestorer gene of WA-CMS for some combinations, while other have reported digenic inheritance 13, 14 , or digenic inheritance with epitasis 15 . Thus the identification of fertility-restorer genes is an important step in developing a three-line hybrid rice system. The inheritance of fertility restoration in both crosses based on pollen fertility revealed that F 2 segregates into 330 fertiles and 26 complete steriles for the cross IR80151A/CH1 and 385 fertiles and 29 complete steriles for the cross IR80151A/CH4, indicating that the expected 15:1 (fertile: sterile) ratio is good for both crosses ( Table 4 ). The SSR (Table 5) shows an F 2 segregation ratio of 15:1 for the cross IR80151A/CH4. The cross IR80151A/CH1 has significant segregation ration at 5% statistic level, however the association of pollen fertility and SSR has a moderate value. The R 2 of both crosses (Fig. 1) are 0.58 and 0.62 for crosses IR80151A/CH1 and IR80151A/CH4, respectively. This suggests that the pollen fertility has an effect on SSR in the F 2 populations only 57% and 61% and has another effect among 43% and 39%, respectively. The F 2 segregated ratio of pollen fertility and F 1 fertility of both combination indicates that two dominant genes controlled the fertility restoration, in agreement with previous studies [12] [13] [14] . In this study, SSR could not be used to select male sterile plants and identify the inheritance of fertility-restorer genes in a WA-CMS system. In conclusion, the identification of rice germplasm plays a more important role in hybrid rice yield improvement. The local rice germplasm has a high frequency of maintainers than restorers. The estimated heterosis of new sources of germplasm could be selected to produce high yielding hybrid. Finally, the inheritance of fertility-restorer genes may have the high potentials for hybrid rice production and theoretical studies. 
CONCLUSIONS
The identification of restorers and maintainers of fertility is an important way to improve the hybrid vigour in rice. The results reveal 4 restorers and 4 maintainers of Thai rice cultivars and 2 restorers and 5 maintainers of exotic sources. The heterosis of hybrids shows a high heterobeltiosis and standard heterosis for HB7 and HB10. The classification of fertility-restoring genes and the segregated ratio of both F 2 populations of 15:1 (fertile: sterile) indicate that IR80151A is WA-CMS, which is controlled by two dominant genes with sporophytic abortive. The SSR has been influenced by several physiological and environmental factors, so it could not be used to study the inheritance of fertilityrestorer genes.
